The ␣-amino acid ester hydrolase from Acetobacter turbidans ATCC 9325 is capable of hydrolyzing and synthesizing ␤-lactam antibiotics, such as cephalexin and ampicillin. N-terminal amino acid sequencing of the purified ␣-amino acid ester hydrolase allowed cloning and genetic characterization of the corresponding gene from an A. turbidans genomic library. The gene, designated aehA, encodes a polypeptide with a molecular weight of 72,000. Comparison of the determined N-terminal sequence and the deduced amino acid sequence indicated the presence of an N-terminal leader sequence of 40 amino acids. The aehA gene was subcloned in the pET9 expression plasmid and expressed in Escherichia coli. The recombinant protein was purified and found to be dimeric with subunits of 70 kDa. A sequence similarity search revealed 26% identity with a glutaryl 7-ACA acylase precursor from Bacillus laterosporus, but no homology was found with other known penicillin or cephalosporin acylases. There was some similarity to serine proteases, including the conservation of the active site motif, GXSYXG. Together with database searches, this suggested that the ␣-amino acid ester hydrolase is a ␤-lactam antibiotic acylase that belongs to a class of hydrolases that is different from the Ntn hydrolase superfamily to which the well-characterized penicillin acylase from E. coli belongs. The ␣-amino acid ester hydrolase of A. turbidans represents a subclass of this new class of ␤-lactam antibiotic acylases.
In the search for microorganisms to be used in the biocatalytic production of semisynthetic antibiotics, Acetobacter turbidans ATCC 9325 was first described in 1972 by Takahashi et al. (35) as an organism able to synthesize cephalosporins. Since only ␣-amino acid derivatives could act as substrates and due to the preference for esters over amides, the enzyme involved was named ␣-amino acid ester hydrolase (AEH) (34) .
A similar AEH (EC 3.1.1.43) activity has been described for several other organisms. These enzymes catalyze the transfer of the acyl group from ␣-amino acid esters to amine nucleophiles such as 7-aminocephem and 6-penam compounds (synthesis) or to water (hydrolysis) (Fig. 1) . Presumably, an acylenzyme intermediate is involved in this transfer reaction (9, 34) . These AEHs show promising properties for the industrial enzymatic production of semisynthetic ␤-lactam antibiotics. Due to the preference for esters, it is conceivable that higher product (amide) accumulation can be reached in synthesis reactions using these enzymes than with the Escherichia coli penicillin G acylase (EC 3.5.1.11) (15, 28, 34) . Moreover, the enzyme of A. turbidans showed high selectivity toward the D-form of phenylglycine methyl ester (D-PGM, the activated acyl donor). This enables an ampicillin synthesis starting from a racemic mixture of acyl donors, which is not feasible with the E. coli penicillin acylase (14) . In contrast to penicillin acylase from E. coli, it was claimed that the AEHs are able to accept charged substrates (9) . The low pH optimum of the ␣-amino acid ester hydrolases, i.e., pH 6, compared to a pH of 7.5 to 8 for penicillin G acylases (20) , and the lack of inhibition by phenylacetic acid (9) , a side product from the hydrolysis of penicillin G, are also interesting properties for biocatalytic applications.
The structural characterization of the AEHs is limited to the determination of the subunit size and the quaternary structure. The AEHs from A. turbidans ATCC 9325 (29, 34) , Xanthomonas citri IFO 3835 (16) and Pseudomonas melanogenum IFO 12020 (18) have been purified. All three enzymes have similar subunit sizes of either 70 or 72 kDa or both. However, there is some dissimilarity in the native subunit compositions, which were reported to be ␣ 2 ␤ 2 for A. turbidans (29) , ␣ 4 for X. citri (16) , and ␣ 2 for P. melanogenum (18) . Cloning of the gene which encodes AEH and using it for overproduction would be worthwhile since expression in the natural hosts is low, varying from 0.1 to 2% of the total cellular protein (16, 18, 29, 34 ; this study). In the past, effort was put into cloning an aehA gene, but this was unsuccessful (3, 25) .
In this paper we describe the cloning and genetic characterization of the AEH of A. turbidans ATCC 9325. We succeeded in producing active AEH in E. coli and report some kinetic and structural properties of the purified recombinant protein. The sequence analysis showed that the ␣-amino acid ester hydrolase is a member of a new class of ␤-lactam antibiotic acylases.
MATERIALS AND METHODS
Materials. D-2-Nitro-5-[(phenylglycyl)amino]benzoic acid (NIPGB) was obtained from Syncom (Groningen, The Netherlands). 6-Aminopenicillanic acid (6-APA), 7-aminodesacetoxycephalosporanic acid (7-ADCA), D-phenylglycine methyl ester (D-PGM), D-phenylglycine amide (D-PGA), D-4-hydroxyphenylglycine methyl ester (D-HPGM), amoxicillin, cefadroxil, glutaryl 7-aminocephalosporanic acid (glutaryl 7-ACA), adipoyl 7-ADCA, and cephalexin were provided by DSM Life Sciences (Delft, The Netherlands). The oligonucleotides for cloning of the aehA gene were provided by Eurosequence BV (Groningen, The Netherlands).
Bacterial strains, plasmids, and growth conditions. A. turbidans ATCC 9325 was grown at 30°C in a 10-liter fermentor on the medium described by Takahashi et al. (34) without the addition of antifoam. Bacto Peptone was purchased from Difco (Sparks, Nev.), and the meat extract was obtained from Fluka (Buchs, Switzerland). E. coli strains were grown in shake flasks at 30°C on Luria-Bertani medium. Antibiotics were added to the media at the following final concentrations: tetracycline (Tc), 12.5 g/ml; kanamycin (Km), 50 g/ml; chloramphenicol (Cm), 34 g/ml; and ampicillin (Ap), 50 g/ml. When required, isopropyl-␤-Dthiogalactopyranoside (IPTG) was added to a final concentration of 0.4 to 1 mM. E. coli HB101 (10) was used for cloning derivatives of pLAFR3 (32) and pEC (DSM Life Sciences). E. coli strains BL21(DE3)pLysS (Promega) and TOP10F' (Invitrogen, Leek, The Netherlands) were used for cloning derivatives of pET9 (Promega Corporation, Madison, Wis.) and pCR-TOPO (Invitrogen), respectively. DNA manipulation and sequencing. All chemicals used in DNA manipulation procedures were purchased from Roche Diagnostics GmbH (Mannheim, Germany) and used as recommended by the manufacturer. The DNA sequences were determined at the Department of Medical Biology of the University of Groningen.
Isolation of ␣-amino acid ester hydrolase from A. turbidans. Cells of A. turbidans were harvested in the stationary phase by continuous centrifugation at 6,000 ϫ g, washed twice with 10 mM potassium phosphate buffer (pH 6.2), and resuspended in this buffer. All further steps were carried out at 4°C. A cell extract was made by sonification, and cell debris was removed by centrifugation at 13,000 ϫ g for 40 min. To the supernatant DNase and RNase (final concentration, 6 mg/liter each) were added in the presence of 5 mM MgSO 4 . The solution was incubated for 3 h under mild stirring and centrifuged at 50,000 rpm in a type 50 Ti rotor (Beckman) for 60 min and then applied to a CM Sepharose fast-flow column (5-by 15-cm column; Amersham Pharmacia Biotech Ltd., Hertfordshire, United Kingdom) preequilibrated with 10 mM K 2 HPO 4 -KH 2 PO 4 , pH 6.2. Prior to elution the nonbinding proteins were washed from the column with equilibration buffer. The retained protein eluted in a linear gradient of 0 to 1 M KCl (30 ml/min) at 0.2 M. Activity-containing fractions were pooled and (NH 4 ) 2 SO 4 was added to a final concentration of 1.5 M, after which the pool was loaded on a hydrophobic-interaction column (Resource Phenyl, 2.6 by 7.5 cm; Amersham Pharmacia) pre-equilibrated with 1.5 M (NH 4 ) 2 SO 4 -50 mM sodium phosphate buffer, pH 6.2. After being washed with the equilibration buffer the AEH eluted at 0.8 to 0.68 M (NH 4 ) 2 SO 4 in a decreasing linear gradient from 1.5 to 0 M (NH 4 ) 2 SO 4 in 50 mM sodium phosphate buffer (pH 6.2) at 5 ml/min. Fractions that contained AEH were pooled and concentrated by ultrafiltration (YM30, Amicon bioseparations; Millipore, Bedford, Mass.) and loaded on a Superdex 200 HR 10/30 column (24-ml bed volume; Amersham Pharmacia). AEH was eluted at 1 ml/min in a 50 mM sodium phosphate buffer (pH 6.2) with 0.15 M NaCl.
Isolation of recombinant ␣-amino acid ester hydrolase from E. coli. The recombinant AEH was purified from E. coli BL21(DE3)pLysS (Cm r ) cells carrying the pETAT (Km r ) construct. The cells were harvested from two 2.5-liter cultures by centrifugation, and the crude extract was prepared as described above. The extract was loaded onto a DEAE Sepharose column (5-by 13-cm column; Amersham Pharmacia) pre-equilibrated with 50 mM sodium phosphate buffer, pH 6.2. The AEH activity was eluted from the column in the nonbinding fraction in the equilibration buffer at 30 ml/min. The activity was then applied to a ceramic hydroxyapatite column (2.6-by 11-cm column; Bio-Rad Laboratories, Hercules, Calif.), which was equilibrated with 50 mM sodium phosphate, pH 6.2. After being washed with the equilibration buffer, the AEH activity was eluted from the column at 275 mM sodium phosphate in a linear gradient of 50 to 500 mM sodium phosphate (pH 6.2) at 10 ml/min. The AEH was purified further to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) homogeneity by hydrophobic interaction and gel filtration chromatography as described above.
Preparation and screening of the A. turbidans genomic library. Genomic DNA was isolated as described by Poelarends et al. (27) . An incubation of 30 min at 37°C with proteinase K (0.10 mg/ml) after the first hour of incubation with SDS was added to the procedure. DNA of the cosmid pLAFR3 used for the construction of the gene library was isolated from E. coli HB101 according to the alkaline lysis method and purified by ultracentrifugation using a CsCl gradient (30) . The chromosomal DNA of A. turbidans was partially digested with Sau3A to yield fragments with an average size of 30 to 50 kb. These fragments were ligated in the cosmid pLAFR3 (Tc r ) which had been completely digested with BamHI and dephosphorylated with alkaline phosphatase. In vitro packaging and infection of E. coli HB101 was carried out according to the recommendations of the manufacturer (Roche). Recombinant clones were stored at Ϫ80°C in microtiter plates.
Colony hybridization was carried out essentially as described by Van Hylckama Vlieg et al. (38) with an AEH-specific probe. An incubation of the membrane FIG. 1. Example of synthesis and hydrolysis of ␤-lactam antibiotics catalyzed by the AEH of A. turbidans. Shown as a 7-aminocephem nucleus is 7-aminodesacetoxycephalosporanic acid, and 6-aminopenicillanic acid is depicted as a 6-penam nucleus.
with proteinase K for 30 min at room temperature after fixation of the DNA was included in the procedure. After hybridization at 68°C the membrane was washed with 2 ϫ SSC (10ϫ SSC is 1.5 M NaCl with 0.15 M sodium citrate)-0.1% SDS at room temperature and with 0.5ϫ SSC-0.1% SDS for 15 min at 68°C. The digoxigenin (DIG)-labeled DNA was visualized with alkaline phosphatase and a chemiluminescence substrate, CPSD (C 18 H 20 ClO 7 PNa 2 ; Roche) following the recommendations of the manufacturer.
PCR amplification of the DIG-labeled aehA probe. Part of the aehA gene was initially cloned by PCR amplification from chromosomal DNA using the LA PCR in vitro cloning kit (TaKaRa Biomedicals, Takara Shuzo Co., Ltd., Otsu, Shiga, Japan) and a degenerated primer (pNTd) based on the N-terminal sequence of purified AEH, 5Ј-ATGGCNCCNGCNGCNGAYGCNGCNCARGC NCAYGA-3Ј (Y is T or C; R is A or G; N is any base). The PCR products were isolated from gel (Qiaquick kit; Qiagen, GmbH, Hilden, Germany), cloned, and sequenced. A gene probe for the AEH gene was made with primers based on the DNA sequence of the PCR fragment that encoded the N terminus of AEH. The matching forward primer was 5Ј-CCGCTAAGCGTGCAGACCGGCAGC-3Ј (upstream of pNTd), and the reverse primer was 5Ј-CATGCATACCGTGCCA GAACG-3Ј. These primers were used to amplify a 696-bp fragment (NTaehA) with Taq polymerase and the PCR DIG probe synthesis mix from Roche.
Cloning of aehA into an expression host. For expression of the aehA gene in E. coli the vector pETAT (aehA cloned in pET9) was constructed. The aehA gene was cloned in the NdeI and BamHI site of pET9 using a forward primer based on the N-terminal sequence including the leader sequence in which an AsnI site is incorporated, 5Ј-CCGCCGCCGATTAATGGTGGGACAGATTACCCTTT-3Ј (AsnI site underlined, start codon in bold) and a reverse primer in which a BamHI site was incorporated (underlined), 5Ј-ACCCATACTGGATCCTTACT GTTTCACAACCGGGAG-3Ј. The gene was also cloned without the N-terminal leader sequence, which was replaced by a methionine, using 5Ј-GGTCGCGCA TTAATGGCTCCGGCAGCGGATGC-3Ј (AsnI site underlined, start codon in bold) as a primer. After denaturation of the DNA (pLAFR3 (aehA)) the amplifications were established in 30 cycles of 30 s at 94°C, 1 min at 58°C, and 1.5 min at 72°C. Products were digested with AsnI and BamHI and ligated into pET9 cut with NdeI and BamHI. The ligation mixture was used to transform CaCl 2 -competent E. coli BL21(DE3)pLysS. The constructs were confirmed by sequence analysis. For cloning in the NdeI/HindIII site of pEC, the gene was amplified with the forward primers as described above and the reverse primer 5Ј-CATACTG GCAAGCTTTTACTGTTTCACAACCGGGAGCAG-3Ј (HindIII site underlined, stop codon in bold).
N-terminal sequence determination and protein analysis. For N-terminal sequence analysis, approximately 15 g of protein was sliced from an SDS-PAGE gel. Eurosequence BV carried out further preparation of the sample and automated Edman degradation (Model 477A; Applied Biosystems).
Subunit composition determination. The subunit composition was determined via dynamic light scattering using a DynaPro MS 80 Tc (Protein Solutions, Charlottesville, Va.) in combination with the Dynamics V4.0 software from Protein Solutions. A pure protein solution of 1.2 mg/ml in 50 mM sodium phosphate buffer, pH 6.2, was placed in the laser bundle at 20°C, and data were collected for 3 min.
Inactivation. Stock solutions of the inhibitors phenylmethylsulfonyl fluoride (PMSF), 4-(2-aminoethyl) benzenesulfonyl fluoride (Pefabloc SC), and p-nitrophenyl pЈ-guanidinobenzoate ⅐ HCl (p-NPGB) of 100 mM were made in acetonitrile, 50 mM sodium phosphate buffer (pH 6.2), and dimethylformamide, respectively. The enzyme, at a final concentration of 2.5 M (molecular size, 140 kDa), was incubated with the inhibitor for 15 min at 30°C. Inhibitors and their concentrations were as follows: PMSF, 2 mM; Pefabloc SC, 5 mM; and NPGB, 1 mM. The degree of inactivation was determined by measuring the remaining initial hydrolysis activity on NIPGB.
Enzyme assays and determination of kinetic constants. Activity of AEH was routinely assayed at 30°C by following the hydrolysis of 15 mM NIPGB in a spectrophotometer at 405 nm in 50 mM phosphate buffer, pH 6.2 (2).
The synthesis of cephalexin was followed by high-performance liquid chromatography (HPLC) (2) . Incubations were done at 30°C and contained 30 mM 7-ADCA and 15 mM D-PGM at pH 6.2 (50 mM sodium phosphate buffer). One cexU is defined as the amount of enzyme needed to produce 1 mol of cephalexin per min. Before analysis the samples were quenched and diluted 50-fold by the addition of HPLC eluent (20 mM phosphate buffer [pH 3], 30% acetonitrile).
The initial rates (Ͻ10% conversion) of hydrolysis of all the substrates were determined by measuring product formation by HPLC (2) except for NIPGB, which was monitored as described above. The enzyme was incubated with varying concentrations in the range of 0 to 25 mM for cephalexin, ampicillin, HPGM, and cefadroxil, or 0 to 50 mM for D-PGM and NIPGB, or 0 to 10 mM for amoxicillin. Reactions were done at 30°C in 50 mM phosphate buffer, pH 6.2. The calculations involved nonlinear regression fitting (Scientist, Micromath) using Michaelis-Menten and substrate inhibition kinetics, and the calculated kinetic parameters are given with their standard deviations. The hydrolysis of PGA was measured at 5 and 50 mM and the k cat /K m was calculated from the initial linear slope of the Michaelis-Menten curve. Hydrolysis of glutaryl 7-ACA and adipoyl 7-ADCA was measured at 5 and 25 mM.
Nucleotide sequence accession number. The nucleotide sequence from the AEH-has been submitted to GenBank and assigned accession no. AF439262.
RESULTS

Cloning of the gene (aehA) encoding the AEH of A. turbidans.
To obtain an N-terminal amino acid sequence, the AEH from A. turbidans was purified by ion-exchange, hydrophobic interaction, and gel filtration chromatography ( Table 1 ). The native enzyme was found to be a multimer, as determined by gel filtration, varying from a dimer to a multiple of dimers, which is in agreement with earlier observations (29) . Although the yield was rather low, a small amount of pure protein of 70 kDa, in agreement with the activity peak, was obtained, which was sufficient for SDS-PAGE and amino acid sequencing (Fig.  2, lane 1) .
The N-terminal sequence of the 70-kDa subunit was determined to be Ala-Pro-Ala-Ala-Asp-Ala-Ala-Gln-Ala-His-AspPro-Leu-Ser-Val-Gln-Thr-Gly-Ser-Asp-Ile-Pro. Based on the first 12 amino acids, and adding a starting methionine, a degenerated oligonucleotide primer (pNTd) was designed. From total DNA of A. turbidans a PCR product of 2.6 kb was obtained with the LA PCR in vitro cloning kit and pNTd. Sequence analysis of the 2.6-kb fragment indicated that the fragment contained the correct gene since downstream of the primer sequence, the DNA sequence encoded the remaining 10 amino acids of the determined N terminus of the protein.
Sequence analysis of the aehA gene and its region. To ensure the completeness of the gene and to be able to study the surroundings of the aehA gene, a cosmid library was constructed and transduced to E. coli. A bank of 5,670 clones with 99.9% completeness was obtained and screened with a 696-bp DIG-labeled probe (NTaehA) based on part of the gene found in the 2.6-kb PCR product mentioned above. Of the 1,248 colonies screened, 2 hybridized with the probe. From one of these clones the cosmid was isolated, and 6 kb of its insert was (Fig. 3) . Four open reading frames (ORFs) were identified, of which one harbored the determined N-terminal amino acid sequence and the sequence downstream of it found on the 2.6-kb PCR fragment. This gene (aehA) encoded a polypeptide with a molecular weight of 74,060, corresponding to a polypeptide of 667 amino acids. The determined N-terminal amino acid sequence was found at positions 41 to 62 (Fig.  3) , indicating that the first 40 amino acids of the protein were cleaved off during maturation in A. turbidans. The genetic organization of the DNA region in which the aehA gene is situated could give indications about the biological function of the AEH. Identification of ORFs surrounding the ORF of the aehA gene was possible (Fig. 3) after a search for sequence similarity in the nonredundant database at the National Center for Biotechnology Information using BLASTX (4). Upstream of the aehA gene, ORF1, which has 56% identity to a phosphoserine aminotransferase from Methanosarcina barkeri (22) , was detected. Downstream of the aehA gene a putative protein of 30 kDa (ORF2), which shows 22% identity with part of the creatinine amido hydrolase of Bacillus halodurans (protein ID no. BAB03945) (36), was found. Further downstream, in the opposite direction, the C-terminal part of a protein (ORF3), which has significant identity (50%) to a succinic semialdehyde dehydrogenase from Deinococcus radiodurans (protein ID no. BAA21377), was found. Database searches using BLAST (4) indicated that the deduced amino acid sequence of aehA showed homology with several (putative) proteins, most of which originated from genome-sequencing projects and have unknown functions (Table  2 ; Fig. 4 ). The most closely related protein for which the activity is described is the intracellular cocaine esterase from the gram-positive strain Rhodococcus sp. strain MB1 (12) . This enzyme hydrolyses the ester bond in cocaine resulting in benzoate and ecgonine methyl ester. The next-most-related studied enzyme is the glutaryl 7-ACA acid acylase of Bacillus laterosporus that hydrolyzes glutaryl 7-ACA acid to 7-aminocephalosporanic acid. Activity of these enzymes for ␣-amino esters or ␤-lactam antibiotics carrying an ␣-amino acid acyl side chain has not been reported. The glutaryl-7-ACA acid acylase is composed of a polypeptide with a molecular size of 70 kDa, which corresponds to the size of the subunits found for AEH from A. turbidans (this study).
An extended search for homologous proteins using the position-specific iterated PSI-BLAST program (5) indicated low identity (average 14%) to X-prolyl dipeptidyl aminopeptidases from Lactococcus and Lactobacillus strains. The X-prolyl dipeptidyl aminopeptidases belong to the peptidase_S15 family as defined by the Pfam database (8) . These enzymes are serine proteases with the active-site serine located in the consensus sequence GXSYXG, where X is a nonconserved amino acid (13) . The AEH shows conservation of this motif and its direct surroundings (Fig. 5) . However, there is no significant overall similarity, which makes it impossible to judge if the proteins are structurally related. The complete aehA gene of 2,004 bp was subcloned in the expression vectors pEC and pET9, which resulted in active constructs that were designated pAT and pETAT, respectively. This confirms that AEH is encoded by aehA and indicates that probably the bad positioning of the ribosome binding site (Fig.  3) or an unrecognized promoter caused the lack of expression from the cosmids in E. coli. Although overexpression was limited, due to the increased culture densities and the improved purification method, 11 times greater quantities of pure protein (Fig. 2, lane 2) per liter of culture were obtained from E. coli BL21(DE3)pLysS(pETAT) ( Table 3) than from the natural host.
As described above, the aehA gene codes for a precursor protein with an N-terminal leader sequence of 40 amino acids and the 70-kDa subunit of AEH. The sequence of the first 40 amino acids has features typical for signal peptides, like positively charged residues at the N terminus followed by a stretch of hydrophobic residues (40) . In the carboxy-terminal segment of the leader sequence, a consensus pattern specific for the cleavage by signal peptidase I (AXA) is present (23, 24, 26) . This, however, predicts the cleavage site at positions 39 to 40 (AQA-AAP), which is one position earlier than what was found by N-terminal amino acid sequencing of the enzyme (positions 40 to 41, AQAA-AP). To obtain insight in the function of the leader sequence and localization of the enzyme, the osmotic shock procedure was performed on the wild-type organism and the clones. Moreover, constructs without the leader sequence were made. The procedure developed for E. coli (1) was used with A. turbidans, but no released proteins were detected. In contrast, the same procedure released DNA from E. coli BL21(DE3)pLysS(pETAT), indicating that the cell wall of this strain is not rigid enough, which is ascribed to the presence of lysozyme, coded by pLysS. A periplasmic extract from E. coli HB101(pAT) was made, but no AEH activity was detected. A control experiment using E. coli HB101(pEC), expressing the periplasmic penicillin acylases from E. coli ATCC 11105, showed that the procedure worked. Cloning of the aehA gene in E. coli without the leader sequence, starting with M-41-APAAD, resulted in inactive clones, using two different expression systems (pET9, pEC).
To determine the way of processing in E. coli BL21(DE3) pLysS(pETAT), the first five N-terminal amino acid residues of the recombinant enzyme were determined. Multiple signals were present, but the major sequence found was 40-AAPXAD, which is in agreement with the predicted cleavage site between residues 39 and 40. This indicates that the leader sequence is processed in a similar way in E. coli and in A. turbidans. The other signals present indicate some N-terminal heterogeneity, which might be caused by cleavage at the other potential peptidase I cleavage sites (Fig. 3, positions 41 to 49) or by nonspecific protease activity.
Characterization and kinetic properties of recombinant AEH. The subunit composition of the recombinant purified enzyme was determined via dynamic light scattering. Averaging two measurements yielded a molecular size of 150 kDa, which is in good agreement with a dimeric form of the enzyme (140 kDa).
To study the substrate specificity of the recombinant AEH, steady-state kinetic parameters were determined for a range of substrates (Table 4) . For most compounds Michaelis-Menten kinetics was observed. Substrate inhibition was confirmed in the hydrolysis of ampicillin (34) ment with values given in the literature for the enzyme from A. turbidans, 1.5 and 4.9 mM, respectively (28) ( Table 4 ). The AEH did not display detectable activity towards glutaryl 7-ACA, which is a substrate for the related glutaryl 7-ACA acylase from B. laterosporus. Adipoyl 7-ADCA was not hydrolyzed by AEH either. In general we see for esters a high k cat in combination with a high K m . The addition of an OH group on the aromatic moiety of the acyl group reduces the activity. This shows that the nature of the acyl group has a large influence on the activity. Inhibition. The conservation of the GxSYxG motif suggests that AEH is a serine hydrolase. To explore this possibility some known serine protease and/or hydrolase inhibitors, Pefabloc SC, PMSF, and p-NPGB, were tested. Incubation with Pefabloc SC resulted in a 10% loss in activity, and PMSF did not give inactivation at all. Significant reduction (75%) of the initial enzyme activity was observed using p-NPGB. This suggests that a serine is involved in the catalytic mechanism.
DISCUSSION
Almost 30 years ago the AEHs were first described, and they have since been repeatedly explored for use in biocatalysis, but no amino acid sequence information has been reported so far. We cloned the gene encoding the AEH from A. turbidans out of a cosmid library via Southern blotting. From the literature it was expected that the gene for AEH would code for two different subunits, one of 70 and one of 72 kDa (29, 34) . However, only one gene (aehA) coding for a protein of 74 kDa was found. Since the determined N-terminal sequence was found at position 41, it was concluded that aehA encodes a precursor of AEH that undergoes processing to yield an active enzyme of 70 kDa. No evidence for a second subunit of 72 kDa was obtained, neither by purification (Fig. 2) nor by sequence analysis (Fig. 3) . However, incomplete processing of the leader sequence might have caused the presence of two apparently different subunits of 70 and 74 kDa, which could easily have been interpreted as subunits of 70 and 72 kDa.
Expression of this single gene in E. coli, including the identified leader sequence, produces active dimeric AEH. Processing of the leader sequence in E. coli implies a periplasmic localization, since signal peptidase I is active on the periplasmic face of the cytoplasmic membrane (7) . However, the enzyme was not released from the E. coli HB101(pAT) cells by a standard osmotic shock procedure. It is therefore assumed that the protein sticks to cell envelope. Since no activity was detected when the enzyme was expressed without the leader sequence, it is proposed that the 40-amino-acid N-terminal part facilitates proper folding of the enzyme. Overall, it can be concluded that the N-terminal sequence is needed for production of active enzyme and probably serves for transport to the periplasm.
The deduced amino acid composition of aehA from A. turbidans is similar to the experimental data published in the literature, except for the number of methionines and cysteines, which we find to be significantly lower (29) . Nevertheless, the deduced values for these amino acids are in reasonable agreement with the experimental data found for both X. citri and P. melanogenum (16, 18) . This suggests a high similarity between the different AEHs, as expected from their comparable catalytic and structural properties.
Database searches with the aehA-encoded protein revealed no homology with any other known penicillin or cephalosporin acylase, apart from the glutaryl 7-ACA acylase of B. laterosporus. However, glutaryl 7-ACA was not hydrolyzed by the AEH of A. turbidans, which is probably due to the absence of an amino group on the C␣ position (28, 34) . The conservation of the GXSYXG motif in AEH, cocaine esterase (12) , and other putative acylases (Table 2) suggests that AEH is a serine hydrolase, which was further indicated by the inactivation by p-NPGB. In glutaryl 7-ACA acylase the GXSYXG motif is not fully conserved, the last glycine being replaced by an alanine (GLSYMA, Table 2 ). This might indicate that the second glycine influences the substrate range.
The physiological role of the ␤-lactam antibiotic acylases has not been elucidated yet. It has been suggested that penicillin G acylase from E. coli is involved in the degradation of phenylacetylated compounds for the generation of phenylacetic acid as a carbon source (37) . Although the aehA gene appears to be located in an area where genes involved in the metabolism of amino compounds are situated, the real function of the AEH remains unclear. Further investigation of the substrate range of the AEH might reveal a relation to the surrounding enzymes.
Comparison of some kinetic values of the cloned AEH to literature data showed that the recombinant AEH has kinetic properties similar to those of the wild-type enzyme (28, 34) . Remarkable features are the esterase activity being better than amidase activity with related substrates (D-PGM compared to D-PGA) and the need for an ␣-amino group. The higher specificity for the acyl donor than for the corresponding antibiotic in the cases of cefadroxil and amoxicillin is favorable for high product accumulation in a synthesis reaction. Even though esters are generally preferred, the specificity constant for cephalexin is higher than for D-PGM. This is in contradiction with the classification of AEH as an esterase. Therefore, a broader exploration of the substrate range is needed.
The AEH of A. turbidans was classified, based on the preferred antibiotic substrate, as an ampicillin acylase (31, 39) . However, cephalexin is the preferred ␤-lactam antibiotic for AEH, as described for other AEHs as well (9, 17, 18, 28) , and the enzyme should therefore be designated a cephalexin acylase.
X-ray analysis and mutational studies have shown that ␤-lactam antibiotic acylases from different substrate specificity classes all belong to the Ntn hydrolase superfamily (11, 19, 21, 33) . Since both AEH and the glutaryl 7-ACA acylase from B. laterosporus (6) (i) do not have an N-terminal serine, threonine, or cysteine, (ii) contain the serine protease motif, and (iii) show no homology with any other known penicillin acylases (Fig. 4) , it is very unlikely that these enzymes belong to the superfamily of Ntn hydrolases. We could not identify homologous proteins with a known X-ray structure that might reveal a structural relation of AEH to other protein families. Therefore we conclude that AEH, together with the glutaryl 7-ACA acylase from B. laterosporus, represents a new class of ␤-lactam antibiotic acylases, each representing a different subclass.
The expression of the AEH from A. turbidans ATCC 9325 in E. coli makes it possible to study the enzyme in more detail. The catalytic mechanism and the structural features that together determine the biocatalytic performance will be investigated further in order to gain more insight in the structurefunction relationship of this new class of acylases.
